Evidence is presented that adaptation of IPN virus (strain VR 299 ) to FHM cells entails the selection of a variant virus type that differs significantly from the parental, and most representative, RTG-2 virus type in being able to adsorb efficiently to, and form plaques in, FHM cells.
INTRODUCTION
Infectious pancreatic necrosis (IPN) virus is the etiological agent of an acute disease specifically killing young salmonid fishes (Wolf et al. I96O; Wolf, i966 ) . Although its classification is controversial (Malsberger & Cerini, I963; Moss & Gravell, I969; Kelly & Loh, I972) , it appears to be a reolike virus, especially because of double strandedness and segmentation of its RNA genome (Scherrer & Cohen, I97I ; Cohen, Poinsard & Scherrer, I973) , size, symmetry and structure of the capsid (Moss & Gravell, 1969; Cohen & Scherrer, 1972) and cytoplasmic site of replication (Moss & GraveI1, 1969) .
RTG-2 cells, a permanent fibroblastic cell-line of rainbow trout (Salmo gairdneri) gonadal origin (Wolf & Quimby, 1962) has been used most widely for IPN virus propagation. In these cells, all virus strains thus far isolated multiply fairly well and produce striking c.p.e, over a wide range of temperatures (5 to 25 °C). Other permanent cell-lines of teleost origin such as GF (Grunt fin; pomadasid fish; Clem, Sigel & Friis, I965) , BFz (Bluegill fry; centrarchid fish; Wolf, I966) and FHM (Fathead minnow; cyprinid fish; Gravell & Malsberger, I965) were also susceptible to the first isolates of IPN viruses made in the United States (Wolf, I966) . More recently, FHM cells have been used for different purposes, including identification and diagnosis of IPN (Ball et al. 1970 , studies on the effects of temperature on METHODS Cells and virus. Rainbow-trout-gonad (RTG-2) cells (Wolf & Quimby, I962) , and fathead minnow (FHM) cells (Gravel! & Malsberger, I965) were used throughout this study. RTG-2 cells were grown at 20 °C in Eagle's minimum essential medium (MEM, Stoker's modification), buffered with o.16 M-tris, pH 7.2, and supplemented with IO ~ foetal calf serum (FCS) and antibiotics (penicillin: Ioo international units (i.u.)/ml; streptomycin: O'I mg/ml and kanamycin: o.I mg/ml).
FHM cells were grown in the same medium at 28 °C, supplemented with IO ~ FCS and containing an additional supply of 0. 3 ~ tryptose phosphate (TP). Infected cells were always incubated at 2o °C.
The strain VR299 of IPN virus, provided by Dr K. E. Wolf (Eastern Fish Disease Laboratory, Kearneysville, West Virginia) was used in all experiments. The virus was received on its I7th passage in RTG-2 cells. Before being used in our experiments it was further passaged three times in RTG-2 cells.
Virus infectivity tests and cloning experiments. The virus samples were routinely assayed for plaque formation on 24 h monolayers of RTG-2 cells in Falcon plastic Petri dishes. After the monolayers had been washed with MEM they were inoculated with 0.2 ml of serial tenfold dilutions of the virus, made in MEM. Adsorption was carried out for I h at 2o °C. The inoculum was then removed and the monolayers overlaid with 2 ml of MEM containing 0.6 ~ agarose. At 45 h post-infection, plates were overlaid with 2 ml medium containing o'oI ~ neutral red. Plaques were counted after 5 h.
When comparative titrations had to be performed using RTG-2 cells and FHM cells, the same procedure was used except that the diluent for the virus was MEM + o'3 ~ TP instead of MEM alone. In addition, the agarose overlay was supplemented with 2 ~ FCS and o-~ 5 TP. Plaques were always counted after 50 h, since it was previously observed that the total number of plaques did not vary on further incubation.
For isolation of clones, the virus population was appropriately diluted and samples inoculated on either RTG-2 or FHM cell monolayers. All subsequent steps were as above
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except that a second agarose overlay containing o'o05 % neutral red was added 24 h, or sometimes 48 h after infection. The plates were then covered with aluminium foil and incubated for an additional 24 h. Plaques were picked from Petri dishes showing no more than five foci, and care was taken to choose those surrounded by at least I cm of undamaged cell layer. Every plaque was diluted in I ml MEM + o. 13 % TP and kept at 4 °C for one night before being used. Neutralization tests. Serial twofold dilutions of specific antiserum were reacted for I h at 2o °C with equal parts of virus suspension containing approx. Iooo p.f.u./ml. Portions of o.2 ml from each serum-virus mixture were then inoculated on to duplicate RTG-2 monolayers for plaque assay. Controls were treated in the same manner in complete absence of serum or in presence of 5 % foetal calf serum.
Electron microscopy. Purified virus samples obtained after centrifuging through a I5 % to 45 % (w/v) sucrose gradient (2o00o rev/min for 3 h in the SW 25 rotor of the Spinco model L ultracentrifuge) as well as crude cell lysates, were examined using the negative staining technique. A drop of the virus suspension was placed on a formvar-carbon-coated grid. The preparation was subsequently stained with 2 % sodium silicotungstate and immediately examined in a Philips EM 3oo electron microscope.
Virus propagation and growth curves. Two-to 3-day-old monolayers in Falcon plastic flasks (75 cm2 in routine passages; 25 cm ~ in growth-curve experiments) were washed and inoculated with 0"5 to 2 ml of a virus suspension. Adsorption was carried out at room temperature for t h with gentle rocking. The inoculum was then removed and the cells washed. 75 cm2 flasks received I5 ml and 25 cm 2 flasks 5 ml of MEM supplemented with 4 % FCS. The virus was harvested from the cell cultures by two cycles of freezing and thawing. After removing cell debris by low-speed sedimentation, samples were stored at -7o °C or immediately used for infectivity assay.
RESULTS

Preliminary studies
As a preliminary to the study of the adaptation of IPN virus strain VR299 to FHM cells, we first compared different RTG-2-passaged virus stocks as well as FHM-passaged virus stocks for their ability to produce plaques in both RTG-2 and FHM cells. As it appears from the data shown in Table I , the plaque titres of RTG-2-adapted viruses in FHM monolayers were reduced by a factor of IO -~ to Io -~ in comparison to their plaque titres in RTG-2 cells. Otherwise, the plaque titre of FHM-adapted viruses, in either FHM or RTG-2 cells, was always of the same order of magnitude.
This low e.o.p, of RTG-2 viruses in FHM monolayers was not due to interferon (IF), for two reasons: (i) RTG-2 virus suspensions do not contain 1F since it was previously established that RTG-2 cells are refractory to induction by IPN virus (Scherrer et al. I974) and even if undetectable amounts were present they would not influence the virus in the cyprinid cell-line (see De Kinkelin & Dorson, I973, for cell specificity of trout interferon); (ii) RTG-2 virus populations that were diluted so that their e.o.p, became nil in FHM monolayers (up to IO -3 or Io -4) were unable to induce detectable amounts of IF in these cells (R. Scherrer, unpublished results).
The above findings indicate that only a small proportion of RTG-2 grown virus was capable of initiating a lytic infection in FHM cells. These results also suggest that a selection of a given type of virus occurred during passage in the cyprinid cell-line. I2 R. SCHERRER AND J. COHEN 2.5 x 102 3'8 x 106 4"2 x io 2 9"4 x 1o 7 9"9 x io 7 3.2 x io s 5"8 × IO s 6.6x io 8 7'2× lO s * The virus on its 20th passage in RTG-2 cells was used as the starting material. ? Plaques were scored 5o h after infection. :~ The inoculum for passage was diluted to I0 .3 in order to minimize the effect of interferon. Moreover, when a RTG-2-adapted virus stock of high titre (I0 7 to 5 x 107 p.f.u./ml) was passaged in FHM monolayers for the first time, no generalized c.p.e, could be observed during the first 24 h after infection, and complete cell lysis occurred always after a delay of 2 days. By this time the infective titre was nearly 5 x io 7 p.f.u./ml in either RTG-2 or FHM cells. On the second passage, however, a generalized c.p.e, was readily detected after IO to 15 h, and cell lysis was maximum at 24 to 3o h post-infection Fig. I shows the results of an experiment in which FHM cells were inoculated with RTGz-adapted virus at a multiplicity corresponding to I o RTG-2 p.f.u./cell. New virus formation was measured at intervals, in replicate infected monolayers, by plaque titration of total virus in both RTG-z and FHM cells. As shown by assay in FHM cells, only a small proportion of the inoculum was detectable immediately after the adsorption period. The latent period lasted approx. 4 h, after which new virus was formed at an exponential rate, and by 32 h post-infection titres as high as lO 7 FHM p.f.u./ml were obtained. Contrasting results were obtained by assaying the virus in RTG-2 cells. In this case, higher amounts of parental virus could be detected soon after infection, but it was also clear that these infective units did not replicate. Obviously, the rise in virus titre, which was observed from 15 h on, reflected the outgrowth of those virus types which were readily detected in the FHM plaque assay.
The aim of the next experiments was first to compare other properties of FHM-adapted and FHM-non-adapted virus populations, and secondly to see if a spontaneous mutation could be at the origin of those particles which were able to replicate in FHM cells.
Electron microscopy
When FHM-adapted and FHM-non-adapted virus preparations were purified by sucrose gradient sedimentation (method described by Cohen et al. I973) we always observed that both viruses sedimented in a single band in the same position near the middle of the gradient. In the electron microscope, the virus particles had an identical appearance in both preparations, with a mean diam. of 63 nm and the typical fine structure described elsewhere (Cohen & Scherrer, I972) . Unpurified preparations gave the same results.
Neutralization tests
Antisera of high titre were prepared by immunization of rabbits with freshly harvested and purified FHM-adapted or FHM-non-adapted virus preparations, and plaque-reduction tests were done (see Methods) to compare the sensitivities of the virus lines. The results (Table 2) show that both virus lines react similarly with either antiserum, thus indicating that they are antigenically similar.
Plaque-size distribution analysis
When FHM-adapted and FHM-non-adapted viruses were compared in respect to plaque size, a significant difference was found between them in RTG-z cells (Fig. z, 3 
Multiplication of F H M and RTG-2 virus lines in RTG-2 cells
The growth characteristics of F H M -a d a p t e d and FHM-non-adapted viruses in RTG-2 cell monolayers were compared in multiple cycle growth curve experiments to see if their difference in plaque size was correlated with differences in replication. A n F H M -a d a p t e d virus stock on its third passage in F H M cells, and an F H M non-adapted virus stock were each inoculated on to separate sets of RTG-2 monolayers at a multiplicity of o'o5 p.f.u./cell. As shown in Fig. 4 , F H M -a d a p t e d virus multiplied more rapidly and reached higher titres than RTG-z-adapted virus. Although the difference was small during the first hours postinfection, a striking contrast was seen from 2o h on. Cytopathic effects appeared earlier with FHM-adapted-virus and progressed more rapidly. 
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Since the differences in plaque-forming ability of FHM and RTG-2 virus lines was much more pronounced and more easily testable than differences in plaque size or growth characteristics, the former character (expressed as e.o.p. RTG-2: FHM) was used in all subsequent studies in order to identify the virus carrying the FHM-adapted-virus determinants.
Adsorption of RTG-2 and FHM viruses
At this point, we were interested in determining whether the low e.o.p, of RTG-2 virus in FHM cells could be correlated with a failure of FHM cells to adsorb the virus. Adsorption was investigated by two methods. In the first procedure, replicate monolayers of RTG-2 and FHM cells (in 25 cm 2 Falcon flasks) were washed and inoculated at 2o °C with o'5 ml of [a2P]-labelled virus which had been previously purified in sucrose gradients and subsequently diluted in MEM containing 2 ~ FCS and o'3 ~o TP. At various intervals, the inoculum was removed the monolayers were washed three times and the amount of [3~p] associated with the cells was determined (Fig. 5, 6) . In a second procedure the rates of adsorption of RTG-2 virus were determined by assaying infectious virus remaining unadsorbed in the inoculum. Replicate monolayers of RTG-2 of FHM cells (in 35 mm Falcon Petri dishes) were inoculated with I500 p.f.u, in o.25 ml MEM containing 2 ~ FCS and o'3 ~ TP. At intervals, o.2 ml samples were removed and assayed on RTG-2 monolayers in order to measure the disappearance of the virus from the inoculum (Fig. 7) . Fig. 5 and 7 show clearly that RTG-2 virus was adsorbed very efficiently to RTG-2 cells (70 ~ of inoculum in 2 h), but poorly to FHM cells (about 6 ,% of inoculum in 2 h). The experiment performed with FHM-adapted virus (Fig. 6 ) confirmed that this virus type was able to attach efficiently to both cell lines.
Analysis of virus in individual plaques and plaque progeny RTG-z plaque isolates
Since our RTG-z virus stocks contained only a minority of units (<~ o-m ~) infectious for FHM cells, it was of interest to determine whether they would be irreversibly lost upon cloning in RTG-2 cells or whether they would reappear as a result of spontaneous mutation. To test this, two stocks of RTG-2 viruses were diluted up to ]o -r, plated on RTG-2 rnonolayers and ]0 individual plaques isolated. The population in each plaque was tested for e.o.p. RTG-2: FHM, and a portion was passaged in RTG-2 monolayers under liquid overlay for a similar analysis of the progenies.
As shown in Table 3 , only two out of ]0 of the original clonal isolates contained detectable amounts of particles able to form plaques in FHM cells, but on passage, all clones were able to. Apparently a spontaneous mutation of relatively high frequency caused the appearance of particles that replicate efficiently in FHM cells.
Subsequently, one of the clonal isolates was passed in RTG-2 cells under liquid overlay and the progeny passed either in FHM cells or in RTG-2 cells. When analysed for e.o.p. RTG-z: FHM the results were similar to those of Table ] ; only a small proportion (not exceeding o.oI ~) of the RTG-2 virus population was able to form plaques in FHM cells, but the plaque titres of FHM virus stocks in both RTG-2 or FHM monolayers were always of comparable values. 
FHM-plaque isolates
To determine the homogeneity of the FHM virus line and the stability of the character under test, two other experiments were carried out. In one, eight plaques were picked from FHM cells and a portion of each was replated directly on to RTG-2 and FHM monolayers to determine their e.o.p. RTG-2:FHM (Table 4 ). In the other, a FHM virus stock on its second passage in FHM cells was used to initiate plaques on RTG-2 monolayers, and Io RTG-2 plaques were subsequently analysed as above (Table 5 ). All these clones derived from the FHM-adapted virus line were found to share a similar e.o.p. RTG-2:FHM, irrespective of the host cell in which the clones were further purified. Thus, the property involved in ability to form plaques in the two cell lines remained associated with all individual plaques after plaque purification, even in RTG-2 cells.
DISCUSSION
The most striking difference found between the FHM-adapted virus and the virus which had only been propagated in RTG-2 ceils was in the ability of each population to form plaques in both cell lines. Thus, whereas at least 99"99 ~ of the infectious units obtained routinely in RTG-2-RTG-2 passages (RTG-2 virus) were unable to form plaques in FHM cells, those which had arisen during a single passage in FHM cells (FHM virus) possessed equivalent plaque-forming capacities in the two host systems (e.o.p. RTG-2:FHM not far from I]I). This property was not lost during cloning in RTG-2 cells ( Table 5) , demonstrating that it is a genetic determinant of the virus.
One essential finding was that RTG-2 viruses were able to attach very efficiently to RTG-2 cells, but failed almost completely to attach to FHM cells under normal experimental conditions. In contrast, the FHM-adapted virus was able to attach efficiently to both cell lines. Accordingly, it would appear likely that FHM-adapted and FHM-non-adapted viruses must differ primarily in some surface properties on which the adsorption affinities are dependent, but it should be pointed out that this variation in adsorption character was not correlated with a significant difference in reactivity against specific neutralizing antibodies.
The two virus types also differed in their behaviour in RTG-2 cells with respect to plaque size and growth characteristics. At present it seems likely that these differences may also be related to the surface differences. Indeed, evidence has been obtained with several animal viruses (Choppin, I963 Ozaki & Kumagai, I972) indicating a relationship between the surface structure of the virus particles and various aspects of multiplication.
The results strongly suggest that the growth of RTG-2 virus is restricted in FHM cells mainly by its inability to carry out the first step in infection: adsorption. However, failure to adsorb may not be the sole factor involved, since when comparing adsorption efficiency (about i/io as efficient in FHM cells as in RTG-2 cells) and plaquing efficiency (about I/IOOOO as efficient in FHM cells) it appears that some FHM-non-adapted virus actually adsorbs, but is nevertheless unable to replicate. Additionally, Fig. I shows that the parental virus, detectable in the RTG-2 plaque assay, does not replicate, although it is apparently cell-associated. More recent experiments, not reported here, also indicate that the rate of multiplication and the plaquing efficiency as well, is not significantly modified in FHM cells, even in the presence of DEAE dextran which favours considerably the rate of adsorption of the virus. Thus, there must be other factors involved in the inability of RTG-2 virus to infect FHM cells, possibly associated with penetration.
During this work, the origin of those particles able to initiate plaques in FHM cells was also investigated. The progeny of plaques from RTG-2 virus stocks, cloned in RTG-2 cells, again contained some variant virus types able to form plaques in FHM cells (Table 3) . Thus, since the proportion of variants in the original stocks never exceeded o-oI ~, the variant virus types could not have been recovered after plaque purification, if a spontaneous mutation had not occurred. Thus, apparently, a rapid selection takes place, when RTG-2 virus is allowed to interact with FHM cells, of some pre-existent virus mutants able to replicate efficiently in these cells.
It should be pointed out that the behaviour of IPN virus as it is shown in this work is not unique. A somewhat similar situation was encountered in the study of herpes virus type I. Lowry, Melnick & Rawls (I97I) observed that naturally occurring populations of type I either formed no plaques in chick embryo cells or formed small plaques (Ch + virus) when plated at a high virus multiplicity. They also concluded from their investigations that the non-plaquing viruses may readily mutate in tissue culture to viruses capable of plaquing. Additionally they indicated that the parental type I failed to replicate in chick embryo cells because virus DNA was not synthesized. Studying enteroviruses, McLaren, Holland & Syverton 0959) and Holland, McLaren & Syverton (I959) reported that non-primate cells do not adsorb or replicate unadapted poliovirus, whereas ribonucleic acid from the same virus does replicate in non-primate ceils. Holland (I96I) also stated that the adaptation of poliovirus to a non-primate host must entail selection of virus variants which adsorb to nonprimate cells, and he concluded that enterovirus tropisms are due to a large extent to affinity or lack of affinity between virus protein surfaces and specific components on the surface of the various cells.
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